INTRODUCTION
Energy consumption of air-conditioning (AC) is increasing globally because of climate change and the growth of urbanization. According to Morna et al. [1] , the global residential air-conditioning energy demand is forecasted to increase by 30% for heating and 70% for cooling during the period 2000-2100. In the agriculture sector as well, air conditioning is becoming more and more important as greenhouse farming are promoted worldwide [2] . Xu et al. [3] analyzed subtropical greenhouse cooling performance and realized that daily high temperature of 30 °C -40 °C combined to a humidity level over 70% were the most challenging parameters for an effective cooling. Nidal et al. [4] lowered the humidity lever using a liquid desiccant to enhance the cooling efficiency of the greenhouse. A cooling water temperature above the standard 30 °C design inlet temperature of AC reduces the performance of the machines and drops of coefficient of performance (COP) 1% -2% every per degree. Three types of cooling techniques are employed to chillers or thermal power plants to remove heat from their condensers: dry cooling (air cooled), liquid cooling (water cooled), and evaporative cooling [5] . Dry air cooling has the advantage of using free air but has poor performance when the ambient temperature is high. Fan energy consumption is also a drawback for dry cooling. Liquid cooling using a large body of water has a stable performance as cooling temperature is nearly constant.
However, not all applications are located near a large water body such as a river or a sea. In the evaporative cooling technique, cooling effect in the cooling tower (CT) is achieved by evaporating a relatively small fraction (1% to 5%) of the water flowing through the system [6] . In the evaporation process, latent heat is removed by the water. Depending on the air-water temperature difference, sensible heat may also be removed by water. The water consumption as well as fan energy consumption are the drawbacks of evaporative CTs [7] [8] [9] . Ayoub et al. [10] studied the effect of long-term climate change on thermal power plant performance in France and concluded that increment in the air temperature will drop the efficiency of evaporative cooling tower that lead to a 50% loss in power generation. Following a system upgrade cost analysis, they found out that building additional cooling towers to meet the plant temperature requirement is not economical. The only viable solution is to redesign the cooling tower to operate at higher temperature/humidity. Condensers in cooling systems or thermal power plants got more attention since its mismanagement can drastically reduce the performance of the systems [11] . Night cooling has already been investigated by numerous researchers. Miguel et al. [12] showed that a good slab design for night ventilation is an efficient solution to lower indoor daytime temperature for an office building. In a similar study, Jiang et al. [13] found that night roof ventilation can reduce 10% -24% of the AC energy consumption while reducing the indoor peak temperature by 3 °C -5 °C. An experimental study of night sky cooling of water tank by natural convection and sky radiation by Ali [14] showed that water temperature can be lowered by 6.6 °C during the night. However, this result is obtained by keeping the deep of the water at 0.5 m, meaning a large area may be necessary to achieve cooling. Also, water consumption was as high as 4.5%. To avoid the use of water for cooling, Dyreson et al. [15] studied night sky cooling for a CSP plant and found that 80% -90% of the cooling load can be satisfied with this technique. In some places where the system is not running 24 hours, the cooling efficiency of a CT can be improved by changing the cooling schedule to take advantage of environmental and resource parameters such as low ambient temperature through the night, off-peak electricity rate, and by using variable speed fan to dynamically optimize fluids flow ratio. In a hybrid wet/dry CT operation, Dehaghani et al. [16] reduced the fan power to 64% and water consumption to 9.4% by using variable speed fans. Naik et al. [17] found that both air/water mass flow rates are proportional to water losses. Belmonte et al. [18] replaced CT of a chiller with a dry cooling device and a phase change material tank in an attempt to stabilize cooling water temperature. The result showed a 21% -38% decrease in the COP of the chiller when the ambient temperature is greater than 30 ⁰ C.
In the literature, night sky cooling principle whether by convection or sky radiation is limited to passive system operation. This paper attempt to apply night sky cooling principle in an active way through a mechanical draft cooling tower. In the paper, the effects of low continuous flow (LCF) rates on cooling system performance are studied by using TRNSYS. Low night sky temperature and low fan power effect on the cooling efficiency are investigated. System performance obtained by LCF versus intermittent fluid flow rates is analyzed. Also, the storage tanks that allow storing circulating hot and cool water is optimized in term of volume requirement.
SYSTEM MODELING & WORKING
PRINCIPLE In this section, three different cooling systems are created and modeled in TRNSYS. It is assumed that the working hours are from 08:00 to 16:00; in other words, the ON time period which space cooling is required. The first system is a regular cooling system having a condenser and a CT. Next two systems are newly modeled cooling systems using the LCF introduced earlier. Figure 1 A regular cooling system formed by a condenser, a CT, a pump and connecting pipes. Since the goal in this study is to lower cooling water temperature, the internal configuration of the condenser is not taken into account. It is assumed that the heat transfer area of the condenser as well as its material is designed to exchange the required heat load, Qcond.
MODEL 1 (REGULAR SYSTEM)
A mechanical draft CT is used in this study. Warm water entering the CT is spread over a fill to increase the contact area between water and the air being forced through the fill by the electric fan. In this regular cooling system, the CT and the condenser are switched ON/OFF simultaneously during the operation hours. This is a single loop intermittent flow system. From 08:00 to 16:00, the condenser is under heat load ( = 22.5
). The pump maintains a mass flow rate (̇ =2000 kg/h) through the system while the CT fan is kept at its rated speed with a power of 3 kW. From 16:00 to 08:00, the condenser heat load is zero meaning the chiller is turned OFF. This simultaneous start-stop is the typical operation mode of commercial or industrial cooling system. 
MODEL 2 (TWO TANKS SYSTEM)
The system of model 1 has been modified by adding 2 identical tanks (T1 and T2) as illustrated in Figure 2 . The rest of the components are the same as the previous model. The working principle is explained as follows: In the new system, tank T1 (cool tank) contains cool water with a mass (volume Vi) and tank T2 (Hot tank) is empty at 08:00. The condenser is under a base heat load = 22.5 from 08:00 to 16:00. Hot water from the condenser (̇ =2000 kg/h) is partially (2̇3 ⁄ ) stored in tank T2, the remaining (̇3 ⁄ ) being cooled in the CT then discharged in tank T1. The condenser doesn't operate from 16:00 to 08:00. During these hours, hot water in tank T2 is cooled at a rate of ̇3 ⁄ and stored in tank T1 for the next cycle. In this system, LCF is achieved by reducing the mass flow rate through the CT to 1/3 of the flow rate of the regular system. Also, the air mass flow rate is reduced by setting the fan power to 1/3 of its rated value. In model 2, tank T1 initially stores water of mass Mi for only 6 working hours with a flow rate ̇ for the cooling system. During this 6 hours period, CT provides cool water for the reaming 2 hours in order to complete the ON time period of 8 hours. This is done by cooling ̇3 ⁄ of hot water out of the condenser. The total required cooling water for the condenser ̇∆ can be expressed as:
where ∆ is the working hours, Mi the initial water mass in tank T1. Since, it is assumed all cool water in T1 has been used by 16:00, the initial cool water Mi in the storage tank T1 can also be regarded as being produced only during the OFF-time period (16:00-08:00) as given in the equation below.
where ∆ is the total OFF time hours. The volume of cool water at the end of the condenser working period must be as low as possible. 
MODEL 3
Model 2 enables to reduce the fan power and flow rate to 1/3 compared to model 1. However, it requires 2 identical storage tanks, each with a volume of Vi. Model 3
proposes a solution to reduce the total storage tank volume of model 2. Thus, the total mass capacity of tanks 2Mi is reduced in the new model. In terms of flow rates and fan capacity, model 3 works as model 2. The idea is to reduce the tanks volume by using multiple smaller size tanks. In this model, in addition to three water-filled tanks which total a capacity of Mi as in model 2, two identical empty tanks are included to store the discharged cool water from the CT (̇3 ⁄ ) as well as hot water from the condenser (2̇3 ⁄ ). Individual tank and total tanks capacities can be calculated as:
1tank
Total tanks capacity = ( 2) nM 
Since preliminary calculation showed that tanks number affect only the storage volume but not the cooled water average temperature, calculations of model 3 have been done for a total 5 storage tanks for simplicity of charge/discharge scheduling. Figure 3 shows the new proposed model and the added 5 storage tanks. First, three tanks (T1, T2, and T3) are filled with water and colored in blue at 08:00. Next, two tanks (T4 and T5) are empty and colored in white. Figure 4 shows the flow schedule of tanks and whether they are filled with hot or cool water. Each column represents the state of the tank at different time of the day. Flow schedule for the tanks helps to use LCF and low fan power while keeping the required tanks capacity at a minimum. The beginning of the day at 08:00, the first three tanks are filled with cool water and the remaining two tanks are empty. During the first two hours, cool water at first tank is circulated through the cooling system at ̇ mass flow rate. Hot water from the condenser is cooled and stored in tank number 4 with the mass flow rate ̇3 ⁄ . The remaining 2̇3 ⁄ hot water is stored in tank 5. This process is continued for all tanks until 16:00. After 16:00, the condenser operation is stopped, and CT cools all the stored hot water until 08:00 of the next day.
CT SIMULATION TOOL AND PARAMETERS
TRNSYS software is used to model the proposed cooling systems. The software is well suited for thermal system Figure 2 . Cooling system of model 2 Figure 3 . Cooling system of model 3 simulation as its library has all the necessary thermal components. The weather data for the first week of July for Izmir, Turkey has been used for the simulation because it is within the hottest period of the year for the selected location. Figure 5 shows the weather data obtained from TRNSYS for the given location through the month of July.
The modeled CT has been calibrated to cool water from 40 °C to 30 °C at 25 °C wet bulb temperature. Heat load is taken as the sum of two components; a base load of 22.5 kW and 0.5 kW per degree above 25 °C as given in the following equation. 
This heat rejection rate represents the condenser heat load of a 10 kW cooling capacity water-lithium bromide absorption chiller. Using equation 5 and ambient temperature data from figure 5, the heat load profile of the condenser for the given location is shown in figure 6 . An energy balance and predefined parameters are the basis of condenser analysis [19] . A shell-and-tube heat exchanger is modeled as a condenser. A simplified model for shell-and-tubes heat exchanger developed by VeraGarcia et al. [20] is adopted. The maximum heat transfer Qmax in the heat exchanger is
where mw, cpw, , and are water mass flow rate, water specific heat, the water vapor and water inlet temperatures, respectively. The heat transfer for the condenser, Qcond is related to Qmax and calculated as
where ε is the heat exchanger effectiveness assumed to be = 0.8. The latent heat removed by the condenser is
where mv is the vapor flow rate and hfg water latent heat of condensation. Finally, the cooling water outlet temperature Two is calculated by
Following the condenser analysis, CT is the next component of interest in the cooling system. According to the CT report of SPX cooling technologies company [21] , the CT fan is sized at 0.85 hp/ton of cooling capacity of a vapor compression cooling system. Taking into account the COP of these devices (assumed COP = 4), the heat rejection rate is 1.25 ton. By assuming a COP of 0.5 for an absorption chiller and using the sizing scheme of 0.85 hp/1.25 ton of heat rejected, a 3 kW fan is used for the CT under study. In the results, the fan power of the proposed models is expressed as a fraction of the regular system fan power by using the fan law given in Fantech datasheet, rewritten as [22] where P and V are fan power and air volume flow rate at the specific state of operation. This makes the sizing accuracy to visualize the exact effect of fan speed reduction on system performance. Table 1 summarizes the CT parameters. The following assumptions have been made to simplify the study of the systems: -Water temperature in the tanks is uniform -Tanks heat loss/gain is negligible -Cooling tower parameters change negligibly within the operation range -Makeup water temperature is equal to the ambient temperature
COOLING SYSTEM PERFORMANCE PARAMETERS
The performance of CT is commonly measured through its cooling efficiency. The cooling efficiency, η defined in equation 11 is a measurement of how much the CT outlet temperature is close to the theoretical possible temperature which is the wet bulb temperature. In the literature, the CT inlet-outlet temperature difference is known as its range and the temperature difference between the outlet and the wet bulb temperature is known as the approach. With these definitions, the efficiency of CT is the ratio of the range over the sum of the range and the approach as given as 
On the fan side, the ratio of the heat rejection by the condenser, Qreject to per unit work input of the fan, Wfan gives the information about the electric energy performance of the cooling system, Ф.
The water loss rate from the CT, is considered as a performance indicator as well. For applications that cannot rely on abundant seawater, the water loss rate can increase the water expenditure. Figure 7 shows the variation of single tank capacity and the total storage capacity along with the number of tanks for the system of model 3. Model 2 uses only two tanks and the total required storage capacity is 2Vi. Even though, the control scheme of model 3 suggests to reduce the storage capacity, it is increased to 3Vi when only 3 tanks are used. This happens because of the change in the operation mode; two empty tanks being added. Effective volume reduction is obtained by using at least 5 tanks. With 5 tanks, the capacity becomes 1.67Vi in model 3 against 2Vi in model 2. As the number of tanks further increases, storage capacity is getting reduced toward Vi which is the theoretical minimum capacity. However, splitting water into more tanks reduces drastically the size of the single tank which may become expensive or impractical to use. The single tank size is only 10% of Vi with 12 tanks. Given the mass flow rate in this study, this represents 12 tanks of 1.067 m 3 each. Figure 8 shows the cooling efficiencies of CT for the three systems. The results show that the cooling efficiencies of model 2 and 3 are approximately 36% higher than that of model 1. Furthermore, unlike model 1, the cooling efficiencies curves for model 2 and 3 are nearly flat during the month since they are working 24 hours/day. Model 1 cooling efficiency is rising steadily from 08:00 to 16:00. Figure 9 shows the changes in the heat rejection per unit fan power of the systems with time. The heat rejected per unit fan input power for model 2 and 3 is greater than that of model 1. The results show that more heat is rejected per unit fan power during the OFF time. In fact, the wet bulb temperature is lower during the OFF time as shown in the weather data in figure 5 , which allows more heat rejection. Still, from the weather data, the low night ambient temperature contributes to the lower CT outlet temperature since water temperature is lowered by the action of both latent heat loss and sensible heat loss.
RESULTS AND DISCUSSION

STORAGE VOLUME SIZE OPTIMIZATION
THERMAL RESPONSE
Ultimately the CTs outlets temperatures must be lower as well.
In table 2, both models 2 and 3 have a condenser inlet water temperature around 20% lower than model 1. Model 2 and 3 give nearly the same average temperature results which means that using multiple tanks only reduce the total storage volume. Using more tanks gives less uniform curves since each tank has a distinct discrete temperature profile. Additionally, the water mass flow rate of model 2 and 3 is reduced to 1/3 and the air mass flow rate is reduced to 0.69 of the value of model 1. The NTU being a function of the ratio ̇/̇ in CT, reducing this ratio in turn increases the NTU of the CT which increases the cooling efficiency. The ratios of ̇/̇ for model 2 and 3 are reduced to 0.47 of its reference value in model 1. Physically, the higher relative air velocity in model 2 and model 3 removes the humid air at the water-air interface faster, creating a higher potential for mass transfer by evaporation.
WATER LOSS AND FAN POWER
There is no significant difference in water loss for all 3 models as illustrated in figure 10 . The average water losses are 1.64%, 1.66% and 1.74% for the model 1, 2, and 3 respectively. However, a small amount of water loss has a significant effect on temperature drop since the loss is accompanied by latent heat removal. Also, from the weather data in figure 5 , the lowest relative humidity coincides with the peak ambient temperature which gives the dry air more water absorption potential. As a result of the increasing ambient temperature, water will be absorbed easily. For model 2 and 3, fan power has been reduced by 67% as stated in table 2. This result was expected since fan power drops from 3 kW to 1 kW when air velocity is reduced from 100% to 69% according to fan law.
CONSLUSION
The cooling performance of regular cooling tower that switches ON/OFF simultaneously with a condenser has been compared with a LCF cooling system. From the two tanks operation, the required storage volume can be reduced up to 50% by using multiple smaller tanks and a control mechanism that alternately fills/drains tanks. As the number of tank increases, they become smaller and may represent handling or economical drawbacks. For 12 tanks, storage capacity becomes 40% lower than the initial 2 tanks model. This can be a good arbitrary cut off number in this study if a practical implementation is sought. The number of tanks appears not to have an impact on the thermal response of the system. When the working hours considered, the heat rejection to fan power ration for three systems shows similar values; 8.46, 8.11, and 8.57. Even though the fan power is 3 kW in model 1 and 1 kW in model 2 and 3, since model 1 working hours is 8 hours and model 2 and 3 working hours is 24 hours, the total electric power consumption of fans for all three systems is 24 kWh. The amount of rejected heat from CT is 203.04 kWh for model 1, 196 .64 kWh for model 2, and 205.68 kWh for model 3. The power consumption of the pump has not been recorded since the power being function of flow rate and reducing the flow rate to 1/3 will reduce pump power consumption. The most significant outcome of the study is the reduction of condenser inlet temperature by 5.8 ⁰ C or 21.8%. For a heat driven engine, this translates into a system overall efficiency improvement as the heat source and the heat sink temperature gap gets wider. Therefore, using low night temperature is an efficient way to boost the performance of thermal devices. This is done with no penalty of water loss which is nearly the same for both systems. Both sensible heat and latent heat can be removed from the water at night while only latent heat can be significantly removed on daytime because of the high ambient temperature. From the power side, delayed cooling has the advantage of running at 33% of the regular CT fan power. For a big cooling tower, this can represent a saving in power demand charge. From an energy point of view, there is no saving since fans in model 2 and 3 are running 24 h/day. However, fan in the proposed models can be replaced by a smaller one to save money and improve electrical performance. The disadvantage of delayed cooling is the requirement for storage tanks. The working principle can be used for others applications where storage is freely available or where the condenser heat is valuable. Cogeneration system which outputs cool water for the condenser and thermal energy for domestic hot water production for 
Model 3
example can fit such application. In overall, the suggested system reduces significantly the condenser working temperature and fan power at once while keeping water loss negligible.
